The focus of this paper is to predict the transient response of a nanoengineered photovoltaic thermal (PV/T) system in view of energy and exergy analyses. Instead of a circular-shaped receiver, a trapezoidal-shaped receiver is employed to increase heat transfer surface area with photovoltaic (PV) cells for improvement of heat extraction and thus achievement of a higher PV/T system efficiency. The dynamic mathematical model is developed using MATLAB® software by considering real-time heat transfer coefficients. The proposed model is validated with experimental data from a previous study. Negligible discrepancies were found between measured and predicted data. The validated model was further investigated in detail using different nanofluids by dispersing copper oxide (CuO) and aluminum oxide (Al 2 O 3 ) in pure water. The overall performance of the nanoengineered PV/T system was compared to that of a PV/T system using water only, and optimal operating conditions were determined for maximum useful energy and exergy rates. The results indicated that the CuO/water nanofluid has a notable impact on the energy and exergy efficiencies of the PV/T system compared to that of Al 2 O 3 /water nanofluid and water only cases.
Introduction
One of the major challenges facing the world today is the increase in concentrations of greenhouse gases in the environment, which is generally considered as being caused by the substantial use of fossil fuels. Due to the limited availability of fossil fuels and rising air pollution, the replacement of fossil resources by renewable energy has become inevitable. Among various types of renewable energy sources, sun-based energy is the most promising in terms of accessibility, affordability, and cleanliness. The direct conversion of sunlight into electrical energy can be carried out with photovoltaic (PV) cells [1] . Continuous exposure of PV surfaces to the solar radiation in high ambient temperature results in a decrease in device electrical efficiency. Therefore, accumulated solar heat across the PV module is removed through circulation of heat transfer fluids [2, 3] . This integration of a PV module and a thermal collector is called a photovoltaic/thermal (PV/T) system; such a system can viably generate heat and electricity simultaneously.
Over the years, a substantial number of studies have been carried out to find a suitable heat transfer fluid that can effectively extract heat from the PV module. Various heat transfer fluids such as water, glycol, ethylene, and acetone have been tried with the purpose of acquiring high collector efficiency [4, 5] , but the low thermal conductivity values of these fluids always remain main hurdles to achieving this goal [6] . To cope with this problem, nanofluid as a heat transfer fluid has been introduced. A colloidal solution (nanofluid) can be obtained by dispersion of nanoparticles in base fluid. Generally, the thermal conductivity and heat transfer coefficient of a nanofluid are higher than those of other available fluids [7] . Therefore, colloidal solutions are expected to improve the overall performance of the PV/T system compared to the case of using water only. Tiwari et al. [8] discussed the effects of volume concentration of Al 2 O 3 in the base fluid and variations in the mass flow rate of nanofluid on the performance of a flat plate solar collector. Rejeb et al. [9] presented a combined experimental and numerical study to evaluate the influence of alumina and copper nanoparticles in different base fluids (water and ethylene glycol) on overall PV/T system performance. It was observed that water as a base fluid gives a higher performance than does ethylene glycol. Hasan et al. [10] proposed a jet impingement cooling system for the PV/T system, in which nozzles directly inject nanofluid (coolant) to the back surface of the PV module. Using jet array nanofluid impingement in the PV/T system, the maximum power of the proposed collector increased by 62.5% in comparison with the conventional PV module. Simultaneous application of nanofluid as a coolant and an organic paraffin wax as a phase change material (PCM) on the exergy and energy efficiencies of the PV/T system is investigated experimentally by Hosseinzadeh et al. [11] . According to the results, the PCM in the nanofluid-based PV/T system immensely enhances the output thermal exergy of the collector. Shahsavar et al. [12] analyzed the exergy performance of a naturally ventilated PV/T air collector in which a thin metal sheet is introduced in the middle of an air passage to improve the heat exchanger performance and thus achieve lower PV temperature.
A considerable number of studies available in the literature indicate that the exergy and energy analyses of the PV/T system have been performed considering steadystate heat transfer conditions. To the best of the authors' knowledge, a few attempts have been made to calculate the comprehensive transient behavior of various PV/T components for the exergy analysis. As pointed out by Jones and Underwood [13] , a steady-state model cannot accurately predict the PV temperature responses under rapidly fluctuating solar radiation. To address the aforementioned existing research gaps, a dynamic mathematical model of a PV/T system using nanofluid as a coolant is developed and validated using experimental data from the literature. Interdependence transient processes of the PV/T system were predicted using MATLAB software considering real-time calculation of heat transfer coefficients. To maximize the energy and exergy efficiencies, an optimal mode of operation is determined using different heat transfer fluids and geometrical conditions.
Collector Design and Simulation Details
In this study, a sheet and tube PV/T is considered that comprises an off-the-shelf PV module, a thermal absorber, a fluid tube, and thermal insulation. A schematic diagram and a cross-section view of the PV/T system are shown in Figure 1 . A monocrystalline silicon cell with ideal conversion efficiency of 15-20% is employed in the PV module. The PV module and the absorber plate are fixed together by means of an adhesive. The fluid carriers (copper tubes) are bonded to the absorber plate at equal spacing in a parallel-flow arrangement throughout the plate width. The absorber plate serves as heat exchanger fins for the fluid tubes. The top and bottom International Journal of Photoenergy ends of the tubes are connected with common headers to maintain balanced fluid flow and distance between adjacent tubes. The sides and the rear surface of the panel are covered with the thermal insulation to reduce losses due to absorbed solar energy. Nanoparticles of aluminum oxide (Al 2 O 3 ) and copper oxide (CuO) with a fixed concentration of 0.7 wt% in the base fluid (pure water) were considered in this study. Temperaturedependent thermophysical properties for all utilized heat transfer fluids were determined so that, compared to water as a thermal fluid, the improvements in the heat transfer rate with nanofluid could be evaluated. The properties of the employed heat transfer fluids are shown in Table 1 .
Explicit energy flow analysis was performed by modifying the dynamic energy balance equation for the PV/T system given by Chow [14] . The MATLAB ODE solver was used to derive the transient temperatures from the instantaneous energy balance equations. Using the finite difference method [15] , a control volume (node) was created, within which the energy and mass balance equations were applied. The parameters considered for the simulation are given in Table 2 . Each component of the PV/T system is denoted by node. Therefore, the given collector model consists of a total of five nodes. Figures 1(b) and 1(c) show the temperature nodes for the different PV/T collector components.
Mathematical Model
A mathematical model was developed to describe the interdependence of the temperature responses across the different components of the PV/T system. The heat balance across different components of the PV/T system was derived by considering the vicinity of a single copper tube, as all the tubes are arranged in parallel fashion with fixed spacing between them. As indicated by Chow [14] , in the parallel-tube arrangement, the temperature and fluid flow rate conditions in all tubes can be assumed to be the same. For the model development, the following assumptions are considered:
(i) The material properties of all components are considered to be constant.
(ii) Considering the same fluid flow rate obtains through all tubes.
(iii) The edge losses are assumed to be negligible.
(iv) The heat transfer coefficients are calculated in real time.
Energy Balance for PV Cells
where E is used for electrical power. P is the packing factor and ŋ e is the electrical efficiency. T r , ŋ r , and β r are the reference PV cell temperature, efficiency, and temperature coefficient, respectively. h wind is the convective heat transfer coefficient due to wind [16] . G and α p are the solar radiation and absorptivity of the PV cells, respectively; M p , C p , and T p are the mass, specific heat, and temperature of the PV cells, respectively; T b , T t , and T a are the absorber plate, tube, and ambient air temperature, respectively. h pa is the radiative heat transfer coefficient between PV and the sky (T s ). h pb and h pt are the conductive heat transfer coefficients between PV and the absorber and PV and the tube, respectively.
Energy Balance for Absorber Plate
where T i is the insulation temperature. M b and C b are the 
0.034 W/m·K 3 International Journal of Photoenergy mass and specific heat of the absorber plate, respectively. h bt and h bi are the conductive heat transfer coefficients between the absorber and the tube and the absorber and the insulation, respectively.
Energy Balance for Tube
where T fl is the circulating fluid temperature. M t and C t are the mass and specific heat of the tube, respectively. h ti is the conductive heat transfer coefficient between the tube and the insulation.
Energy Balance for Insulation
where M i and C i are the mass and specific heat of the insulation material, respectively. h ia is the convective heat transfer coefficient between the insulation and the ambient air.
Energy Balance for Fluid
where m fl is the fluid mass flow rate. T in and T o are the inlet and outlet temperatures of the fluid, respectively. h t,fl is the convective heat transfer coefficient between the tube and the fluid.
3.6. Heat Transfer Coefficients. The convection heat transfer coefficient between PV laminate and ambient air due to wind can be written as
where h wind is the convection heat transfer coefficient due to wind and u a is the wind velocity. The radiation heat transfer coefficient between the PV laminate and the sky is given as follows [17] :
where ε p is the emissivity of the PV plate and σ is the Stefan-Boltzman constant. The conduction heat transfer coefficient between the PV laminate and the absorber plate can be calculated using the following equation:
where k ad and δ ad are the thermal conductivity and thickness, respectively, of the adhesive layer. The conduction heat transfer coefficient between the absorber plate and insulation can be determined as follows [9] :
where k ad and δ ad are the thermal conductivity and thickness, respectively, of the insulation. The conductive heat transfer coefficient between the PV laminate and the tube can be expressed using the following correlation [18] :
, 12
where k p is the thermal conductivity of the PV plate and W is the tube spacing. D o and L are the outer diameter and length, respectively, of the tube. The conductive heat transfer coefficient between the absorber plate and the tube can be expressed by the following correlation [14] :
where k b is the thermal conductivity of the absorber plate.
The maximum output relative to the ambient temperature can be achieved using exergy analysis. The thermal, electrical, and overall exergy efficiencies given by Yazdanifard et al. [19] for a solar hybrid collector were modified and used for the simulation.
where ŋ r , T r , and β r are the reference efficiency, temperature, and coefficient, respectively; ŋ ex,th , ŋ ex,el , and ŋ ex,PVT are the thermal, electrical, and overall exergy efficiencies, repectively; E th and E el are the thermal and electrical exergy rates, respectively. Exergy of the absorbed solar radiation can be calculated using the following expression [19, 20] : where ŋ PVT , ŋ el , ŋ th , and ŋ pp are the equivalent thermal efficiency, the electrical and thermal efficiency, and the electrical power generation efficiency of the power plant, respectively. Model calibration for short-term performance evaluation is performed using root mean square error (RMSE) analysis and other statistical indicators, as follows [21, 22] :
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where d i is the difference between the ith predicted and measured values, and n is the number of data points. Y i and X i are the ith measured and predicted values.
3.7. Model Validation. Authentication of the proposed dynamic model is carried out by comparing predicted results with the published test data of the uncovered PV/T system given by Rejeb et al. [9] . The predicted and measured values of the mean nanofluid temperature were found to be 42.18°C and 41.73°C, respectively. To further determine the reliability, the developed model is validated through comparing the predicted PV cell temperature and the experimental data. The daily PV cell temperature measured by Rommel et al. [23] and predicted results from the mathematical model are presented in Figure 2 . For comparison purposes, similar design and operational parameters were considered for each case, as suggested by [9, 23] . It can be seen that the predicted results matched well with the experimental data. There was no apparent deviation or bias between the predicted and the measured results. For model calibration, different statistical indicators were employed [18] . Using RMSE1, RMSE2, and R-squared indicators, the obtained values were found to be 0.129, 0.014, and 0.303, respectively. A conclusion can be drawn from the above comparison that the suggested model is reliable at predicting the performance of an unglazed PV/T system even under extreme weather fluctuations.
Results and Discussions
It is important to study the influence of nanoparticle concentration on the thermophysical properties, when attempting to evaluate the performance of a nanofluid-based PV/T system. Figure 3 shows the thermal conductivity ratio (k nf /k bf ) and density ratio (ρ nf /ρ bf ) enhancement of CuO nanofluid with increasing particle weight fraction. nf and bf stand for nanofluid and base fluid, respectively. [24] . The pumping power was calculated from (24) for the trapezoidal and circular receivers and plotted against different concentrations of nanofluids. Figure 4 shows that pressure drop and thus pumping power increase with increasing concentration of the nanofluids. It is observed from the results that pumping powers for both nanofluids are nearly the same. However, CuO nanofluid with a trapezoidal receiver shows the maximum pumping power required than does Al 2 O 3 nanofluid with trapezoidal and circular receivers. Compared to other cases considered in this study, the marginally higher pumping power for CuO nanofluid was probably due to the high viscosity [25] and noncircular-shaped of the receive. The pumping power can be expressed as follows:
where ρ f is the density of circulating fluid, and nanofluid density can be defined as [26] 
where ϕ is the concentration of nanoparticles into the base 
where K is the loss coefficient taken according to [27] and In a tube-and-fin type PV/T collector, the role of the absorber plate, which is sandwiched between the PV module and the fluid pipe, cannot be neglected in the heat transfer process. In fact, variations in the thickness of the absorber plate directly influence the overall performance of the PV/T system. Figure 5 depicts the variations of the thermal and electrical efficiencies of the PV/T system for different thicknesses of the absorber plate. Decreasing the thickness of the absorber plate leads to a decrease in the thermal resistance between the PV module and the circulating fluid. For this reason, the thermal and electrical efficiencies increased. Heat transfer occurs at a faster rate across the thinner absorber plate than it does across the thicker plate. It is worth noting International Journal of Photoenergy that the PV/T system without absorber plate (which means zero thickness) shows better overall performance than the PV/T with the absorber plate. Increases of the thermal and electrical efficiency are due to direct contact of the fluidcarrying tubes with the PV rear surface. Figure 6 shows the relationship between the heat removal factor and the fluid inlet temperature, obtained using different heat transfer fluids and shapes of receivers. For purposes of comparison, the similar surface areas of both the circular-and trapezoidal-shaped receivers were considered. As can be seen, when the inlet fluid temperature increased, the heat removal factors decreased for all cases, independent of the receiver shapes and fluid types. However, the decrease in heat removal factor with the trapezoidalshaped receiver is much smaller than the decrease when using the circular-shaped receiver. In addition, the trapezoidal receiver with CuO/water as a heat exchanger has a higher heat removal factor than the circular receiver with CuO/ water and water. When the inlet fluid temperature increased from 50°C to 80°C, heat removal factors decreased from 0.88 to 0.82, 0.86 to 0.79, and 0.87 to 0.76 for the trapezoidal receiver with nanofluid, circular receiver with nanofluid, and water, respectively. Though the overall heat loss coefficient increased considerably with the fluid temperature, the heat transfer efficiency of the nanofluid did not decrease much because of this material's superior thermophysical properties compared to those of water. This may be attributed to the high thermal conductivity of the nanofluid, even at higher operating temperature. It is also observed that initially at a lower operating temperature the water depicts a marginally higher heat removal factor than nanofluids this was due to low density and the high specific heat of water. As the fluid temperature increases, the density of the nanofluids decreases and contact of nanoparticles with the surface of absorber increases [28] , which leads to improvement in heat exchanger performance. Therefore, the heat removal factor for the nanofluidbased PV/T system decreases at a slower rate with increase in inlet fluid temperature.
The effects of nanofluid as a coolant on the temperature evolution of PV cells are investigated in comparison with the case of pure water. The daily PV cell temperature is evaluated using pure water, Al 2 O 3 /water, and CuO/water, with results shown in Figure 7 . For the purpose of comparative analysis, the PV cell temperature is evaluated with and without coolant fluid. A consensus can be drawn from these results that adding nanoparticles to the water notably reduces the PV cell temperature compared to the sole use of water as the working fluid. Furthermore, the addition of nanoparticles to pure water results in an increase of the overall thermal conductivity of the working fluid and, hence, is the apparent cause of the high outlet fluid temperature. It is noted that the daily maximum reference PV cell temperature obtained without cooling fluid is 69.4°C, while, using water only, Al 2 O 3 /water, and CuO/water, the values were 57.4°C, 53.7°C, and 50.6°C, respectively. These results show the clear dominance of CuO/water as a heat transfer fluid over Al 2 O 3 / water in the context of heat removal performance. Generally, primary energy saving or equivalent thermal efficiency is used as a performance metric for solar hybrid systems. Daily variation of primary energy savings of the PV and the PV/T systems can be obtained by converting electrical energy to equivalent thermal efficiency. Figure 8 shows the daily variation of the equivalent thermal efficiency of the PV and the PV/T systems. The average equivalent thermal efficiency for the PV (reference) is 35.53%; values for the PV/T system with CuO/water and Al 2 O 3 /water are found to be 80.94 and 78.83%, respectively. In the case of the reference PV cells, the decrease in equivalent thermal efficiency is due to the higher operating temperature that arises from the accumulation of extra solar radiation at the PV surface, in particular during solar noon hours. Primarily, the power output and electrical efficiency of the PV cells are influenced by the operating temperature. It should be noticed that the PV/T system with CuO/water in particular has shown better results than the PV system without coolant and the PV/T system with Al 2 O 3 /water.
The variation of the exergy efficiency as a function of different concentrations of CuO and Al 2 O 3 nanoparticles in the base fluid is presented in Figure 9 . Total exergy efficiency values (thermal and electrical) of CuO/water and of Al 2 O 3 / water were estimated using (18) . According to Bejan's narrative [29] , the maximum power output is inversely associated with the entropy generation of the solar system. This means that maximization of the power output is equivalent to minimization of the entropy generation rate. It is observed that, independent of nanofluid type, the exergy efficiency of a solar collector increases with increasing nanoparticle concentration in the base fluid. Generally, thermal energy efficiency varies as a function of the outlet temperature and the heat capacity of the thermal fluid. On the other hand, the exergy efficiency is more related to the fluid outlet temperature than to the heat capacity [19] . Therefore, the collector with CuO/water with a trapezoidal receiver showed higher exergy efficiency than did Al 2 O 3 /water with both trapezoidal-and circular-shaped receivers. This can be explained by the fact that CuO/water as a working fluid offers a higher heat transfer coefficient, which corresponds to a lower PV cell temperature and a higher outlet nanofluid temperature. However, Al 2 O 3 /water with a trapezoidal receiver performed marginally better than in the case of using Al 2 O 3 /water with a circular receiver. This is because the direct attachment of a flat top of a trapezoidal receiver onto the PV rear surface increases the total heat transfer surface area and hence improves the heat exchange performance between PV module and the circulating fluid. Figure 10 shows the total exergy efficiency of the collector as a function of the daily sunlight hours when using Al 2 O 3 / water, CuO/water, and water as the working fluid. Based on the available solar radiation, the exergetic efficiencies for different working fluids were estimated. It is important to show the relationship between solar radiation and exergy efficiency because irreversibility varies directly with incident solar radiation. It can be clearly seen that the exergy efficiencies when using different fluids follow a pattern similar to the one for daily solar radiation. It is also observed that during the peak sun intensity hours (noon), when the sunlight is strongest, the irreversibility is maximized. Higher solar radiation intensity results in higher temperature difference between the collector surface and the ambient air. A larger difference reflects or may cause extra heat loss from the collector surface and, hence, lowers the exergy efficiency. Therefore, the temperature difference is a key point to consider when attempting to improve exergy efficiency. It is concluded that CuO/water as a heating medium has a profound impact on the collector performance, better than that of Al 2 O 3 /water and water only.
Conclusion
In this study, a transient mathematical model of the nanoengineered PV/T system is proposed based on realtime calculation of all heat transfer coefficients. CuO/water and Al 2 O 3 /water nanofluids were considered as the heat International Journal of Photoenergy transfer fluids. Instead of a circular pipe, a trapezoidalshaped absorber pipe was used with the intention of improving the surface area and, subsequently, the heat extraction from the PV cells. Experimental validation of the proposed model was performed using outdoor test results from the literature. The optimal energy and exergy efficiencies were located considering different operating conditions. Applying a nanofluid improves the energy and exergy efficiencies of the PV/T system; it was found that the CuO/water nanofluid exhibited better performance than that of the Al 2 O 3 /water or water-only cases. The highest predicted PV cell temperature without cooling fluid was 69.4°C, whereas, with water, Al 2 O 3 /water, and CuO/water this value dropped to 57.4°C, 53.7°C, and 50.6°C, respectively. It was observed that the irreversibility of the system increases with increasing solar radiation (at solar noon in particular), which leads to acceleration of heat losses to ambient air and thus results in a considerable exergy loss. The PV/T system with CuO/water nanofluid showed higher exergy efficiency than did the system with Al 2 O 3 /water nanofluid. The higher exergy efficiency is caused more by the outlet temperature of the CuO/water nanofluid than by the heat capacity. Mass flow rate (kg/s) E:
Exergy rate. Reference o and in: Outlet and inlet th:
Thermal.
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